Introduction
[2] The Gulf Stream is perhaps the dominant surface current in the North Atlantic (Figure 1 ), and its basic path has been known since the eighteenth century when merchant ships exploited its fast flow to quickly transport goods between Europe and its American colonies. Because the Gulf Stream is an important agent of poleward heat transport and is associated with large ocean-atmosphere heat flux, any change in its path may have significant regional climatic impacts. In addition, the Gulf Stream path impacts the economy through its control on fish stocks [Myers and Drinkwater, 1989] .
[3] After leaving the Florida Straits, the Gulf Stream flows along the U. S. coastline following the continental slope between the shallow coastal area ($100 m) and the deeper region of Blake Plateau ($800 m) until reaching Cape Hatteras, located near 36°N. At this point, the western boundary current separates from the coast and travels northeast as freely meandering jet in the open ocean. On a basinwide scale, the Gulf Stream separation latitude apparently changed very little over the recent decades. A 12-year observation between 1977 and 1988 shows that the separation near Cape Hatteras has been fixed to a meridional distance of ±50 km [Gangopadhyay et al., 1992] . A compilation of the Gulf Stream position over a longer 30-year period between 1966 and 1996 at 72°W, near the point of separation, likewise shows that the latitudinal variability of the Gulf Stream is limited to less than a degree. In contrast, the variability of the meandering Gulf Stream after separation is significantly larger ].
[4] Despite efforts to understand the Gulf Stream for more than 200 years since the time of Benjamin Franklin [Franklin, 1786] , the Gulf Stream separation is not well understood dynamically nor is it reliably simulated in most ocean circulation models. In many models, irrespective of their spatial resolution, the Gulf Stream remains attached to the continental shelf all the way to Grand Banks, filling the region northeast of Cape Hatteras with warm subtropical water and exaggerating the ocean-to-atmosphere heat flux predictions there. In a recent review, Dengg et al. [1996] classify current theories of the Gulf Stream separation into six categories: (1) wind-forced separation; (2) inertial overshooting; (3) topographic effects; (4) detachment due to dynamically forced outcropping of isopycnal surfaces; (5) vorticity crisis; and (6) the joint effect of baroclinicity and relief. They note that many of these theories are only applicable under idealized dynamical conditions and do not provide enough clues to explain why models are unable to make better predictions.
[5] In this paper, we evaluate these separation theories by reconstructing the Gulf Stream separation during approximately the Last Glacial Maximum (LGM, about 21,000 years ago) on the basis of stable oxygen isotope ratios (d 18 O) measurements on deep-dwelling planktonic foraminifera. Plankton tow and culture studies have shown that planktonic foraminiferal calcite d
18 O reflects the temperature and salinity of the ambient seawater in which they calcifies [Fairbanks et al., 1982; Bemis et al., 1998] . A meridional transect of d [Stommel, 1950] that separates the warm Sargasso Seawater to the south and the cold Slope Water to the north.
[6] A major challenge of this study is obtaining adequate sediment materials with sufficient temporal constraint in the geologically complex western margin of the North Atlantic, where slumps and turbidity currents are common on the continental margin [Horn et al., 1971; Stanley et al., 1971] . In addition, the availability of foraminiferal tests is often minimal in glacial sediments, which are characterized by very low carbonate content [Balsam, 1981] . In this study, we used what appeared to us to be the most promising sediment cores available from the Lamont-Doherty Earth Observatory core repository, but we anticipate that spatial coverage and temporal constraint can be improved with new and larger sediment samples. For this reason, our glacial reconstruction of the Gulf Stream separation may be considered tentative.
Materials and Methods
[7] After an initial examination of dozens of marine sediment cores, we have selected along the continental slope a suite of cores between 28°N and 40°N, including the latitude of Cape Hatteras (Figure 1 [Schrag and DePaolo, 1993; Schrag et al., 1996] and 1.3% [Fairbanks, 1989] .
[9] Since we are attempting to reconstruct possible changes in the position of the Gulf Stream by detecting for changes in the local seawater temperature (and salinity) 18 O downcore, it would be difficult to determine unequivocally whether the change is due to deglaciation or to a shift in the position of the Gulf Stream.
[10] We therefore use CaCO 3 content and radiocarbon data to help identify the Holocene and glacial sediments in most of the cores used in this study. Balsam [1981] has shown that the temporal variability of carbonate content in numerous marine sediment cores raised from the western margin of the North Atlantic is highly correlative. In cores from 2500 to 4500 m water depth, carbonate content is typically 20 $ 30% during the Holocene but is significantly lower during glacial period [Balsam, 1981] . The low CaCO 3 content in glacial sediments appears to result from a combination of larger influx of terrigenous materials and enhanced dissolution. The transition from low glacial carbonate values to high Holocene values occurs between 14,000 and 8,000
14 C years.
[11] The latitude of Gulf Stream separation is easily identified today by prominent latitudinal changes in temperature and salinity at 250 m water depth (Figure 2 ), the depth that best reflects the d
18
O signature in G. truncatulinoides as discussed below. At this depth, the warm ($19°C) and salty ($36.5%) Sargasso Seawater is found to the south of about 36°N; to the north of 37°N lies the cold ($10°C) and fresh ($35.2%) Slope Water. A transition zone between 36°N and 37°N indicates the presence of the Cold Wall. Coincidentally, the 15°C isotherm at 200 m in the central North Atlantic was identified earlier as an indicator for the thermal front associated with the Gulf Stream [Hansen, 1970] , suggesting that d 18 O of G. truncatulinoides is ideally suited to monitor the Gulf Stream. The spatial variability of the 15°C isotherm at 250 m using the Levitus monthly climatology shows that the seasonal variation in the Gulf Stream position is limited to within 1°latitude near the continent where separation occurs (Figure 1) .
[ Figure 2 show no discernable difference between summer and winter. However, an examination of objectively analyzed hydrographic data Mulitza et al. [1997] show that the d 18 O of encrusted G. truncatulinoides reflects temperatures at 250 m water depth in the equatorial and South Atlantic. This is somewhat surprising, given that G. truncatulinoides initially calcify in surface waters in the subtropics [Hemleben et al., 1985; Deuser and Ross, 1989; Lohmann and Schweitzer, 1990] and add up to 50% of shell mass during its descent down to $700 m [Lohmann and Schweitzer, 1990] . The surprising correlation of the d
O of the shell and the subsurface temperature at 250 m appears to result from the correlation of 250 m temperature and water column stratification [Mulitza et al., 1997] . Although G. truncatulinoides begin to calcify in surface waters in the subtropics, they tend to do so in early spring when deep vertical mixing by winds weaken stratification [Hemleben et al., 1985] . The d
18 O of shell in this case would not be very different from d
O of shell calcified deeper (i.e., 250 m), because the water column stratification is weak. In the tropics, where stratification is strong, G. truncatulinoides calcification starts below the pycnocline in waters with temperatures close to the 250 m temperature. So while the actual calcification of G. truncatulinoides appears to be complex, the d 18 O signature of G. truncatulinoides is primarily acquired below the surface, and, in today's ocean, reflects water column properties at a depth of approximately 250 m.
[14] In addition to G. truncatulinoides, a limited number of d
O was measured on near-surface dwelling planktonic foraminifera Globigerinoides sacculifer and Globigerinoides ruber. All three species prefer warm waters, and are abundant in sediments underlying the Gulf Stream but rare in sediments underlying the Slope Water. This is especially so in glacial sediments, whose carbonate content is very low. Consequently, glacial d
O measurements are much fewer.
[15] To estimate the equilibrium calcite d
O as a function of ambient seawater d
18 O and temperature, we use the equation for Cibicidoides species [Lynch-Stieglitz et al., 1999a] , which is nearly the same as that for inorganically precipitated calcite [Kim and O'Neil, 1997] and cultured planktonic foraminifera [Bemis et al., 1998] C. Weight percent CaCO 3 was analyzed at LamontDoherty Earth Observatory using standard coulometric titrimetry following acidification with hydrochloric acid, with a precision of ±1%. All new radiocarbon dates were obtained on foraminiferal shell samples at the National Ocean Sciences AMS Facility at the Woods Hole Oceanographic Institution.
Results
[17] All new radiocarbon dates are summarized in Table 2 . All new isotope data as well as the number of G. truncatulinoides shells used for each measurement are presented in Table 3 . Carbonate content is presented in Figure 3 C years is applied to AMS 14 C age measured on planktonic foraminifera [Bard, 1988] . A correction of 1000 14 C years is applied to benthic foraminifera that accounts for the 400 14 C years of the surface reservoir age and an apparent ventilation age of the glacial deep Atlantic of about 600 14 C years [Broecker et al., 1990] . Figure 4 . Likewise, downcore data from north of 36.5°N are presented in Figure 5 . Balsam [1981] for carbonate content. We made additional carbonate content measurements and confirm that the general pattern of low glacial%CaCO 3 and high Holocene%CaCO 3 hold for most cores, with the exception of KZ81-10G (Figure 3) . Throughout this core, the carbonate content does not vary much and is about half the typical Holocene carbonate content seen in cores from 2500 $ 4500 m. The KZ81-10G radiocarbon dates corrected for reservoir-age at 152 and 190 cm are both less than 8,000 14 C years (Figure 3) , placing the dates clearly in the Holocene. The relatively low carbonate content of this core is likely a result of dilution by a large terrigenous material influx because of its shallow water depth at 1616 m. Another core that does not display the glacial-interglacial change in%CaCO 3 is V21-2, whose elevated carbonate content and radiocarbon dates younger than 10,000 14 C years clearly indicate that core bottom at 200 cm has not reached glacial sediments (Figure 3) .
[19] We did not measure carbonate content on K140-2 JPC22 and K140-2 GGC50, whose glacial and Holocene samples and detailed G. ruber d [20] Carbonate content was also not measured on V15-212, from which only one d
18 O measurement could be obtained ( Figure 5 ). We assumed the single datum to represent the Holocene, because it was obtained at 15 cm from the core top and its d
O value is regionally consistent with Holocene d
18 O values from other cores as shown below.
[21] The two shallowest radiocarbon dates from V21-1 suggests an age reversal, since the topmost date at 94 cm is 12,900 14 C years and the next date at 285 cm is somewhat younger at 11450 14 C years ( Figure 3 ). If real, this would indicate some sediment disturbance, apparently involving pre-Holocene sediments. The data from this core therefore need to be viewed with some caution. The third and fourth dates from this core further down are progressively larger in 14 C age and do not show signs of reversal. There is also a 100-year reversal in V30-5 dates at 390 and 490 cm, but this reversal is within the analytical error.
[ 18 O measurements could not be obtained from V21-2, V26-177, and V15-212, as well as from KZ81-10G. For the same reason, we could not obtain more than the sixteen new radiocarbon dates (Table 2) .
[23] We are able to quite clearly separate the Holocene and glacial sediments from a combination of carbonate content stratigraphy, radiocarbon dates, and foraminiferal d 18 O stratigraphy. However, it is difficult to say whether the glacial sediments that we have identified represent the LGM, about a 3000-year window in time, and this is perhaps the largest source of uncertainty in this study. Therefore the data that we call ''glacial'' should be interpreted to refer to a slightly broader time window, representing the late last glacial cycle. O data from the two K140-2 cores were provided by L. Keigwin (unpublished data, 2000) , and those from V26-176 are from Keigwin and Jones [1989] . See Table 3 18 O is nearly uniform at 1.7%. An examination of surface water hydrography indicates that these surface dwelling foraminifera calcify during the summer (Figure 6 ). An analysis of sediment trap samples at 125 m water depth anchored on the continental slope of the Middle Atlantic Bight ($38°N) confirms that G. ruber production peaks in the summer [Brunner and Biscaye, 1997] . Summer insolation warms even the Slope Water to temperatures in excess of 20°C at the surface, thereby largely muting the gradients across the Cold Wall of surface temperatures and d
Time Slice Latitudinal
18 O of foraminifera calcifying in these waters. Although not presented here, the winter surface waters in contrast shows prominent thermal and salinity gradients across the Cold Wall with absolute values of temperature and salinity nearly indistinguishable from those at 250 m (Figure 2 ) due apparently to deep winter mixing. Table 3 for data used to obtain these averages. [Schrag and DePaolo, 1993; Schrag et al., 1996] and 1.3% [Fairbanks, 1989] toward heavier values to account for the larger global continental ice volume.
Stream separation latitude during the Holocene and the last glacial was similarly located, with the glacial latitude of separation within one degree of that for the Holocene.
Implications for the Gulf Stream Separation Theories
[27] One of the older theories calls on the winds to induce Gulf Stream separation from the western margin. The close geographical coincidence of the time-mean position of vanishing wind stress curl [Isemer and Hasse, 1987] and the Gulf Stream axis after separation lends support for a wind-forced separation. The line of vanishing curl is largely parallel to the Gulf Stream axis but shifted 1°$ 2°to the south. There also appears to be statistically significant correlation between 2-year lagged Gulf Stream positions, mostly after separation, and the North Atlantic Oscillation ] and El Niño-Southern Oscillation events ]. The correlation suggests that the Gulf Stream position may be sensitive to changes in surface wind fields. Theoretical basis for the wind-forced separation originates from the early work on the dynamics of wind-driven gyres [Stommel, 1948; Munk, 1950] . In the simple case of a homogeneous medium in a rectangular flat-bottom basin forced by a meridionally symmetric wind stress t, the r Â t = 0 line delimits the boundary between large-scale gyres. A meridional transport across the line is not permitted and the purely zonal flow is fed by the western boundary. This behavior indicates that the r Â t = 0 line has a causal relationship with the mean axis of the separated Gulf Stream and may even determine the point of separation.
[28] At the time of LGM the Laurentide Ice Sheet over the North American continent reached its maximum size. Simulations of glacial atmospheric circulation consistently indicate that winds in general were stronger due to a steeper meridional surface temperature gradient and that the jet stream, which today is strongest near 60°N, was split by the imposing Laurentide Ice Sheet. Early simulations of atmospheric circulation using the LGM boundary conditions of CLIMAP Project Members [1981] indicate that the stronger southern limb of the split jet stream and the surface westerlies, which mimic the high altitude jet stream, were located at around 40°N $ 45°N [Gates, 1976; Kutzbach and Guetter, 1986] . More recent simulations using a revised reconstruction of Laurentide Ice Sheet of Peltier [1994] , which is about half the size of CLIMAP ice sheet, show that the glacial jet stream is still split but less prominently so [Ramstein and Joussaume, 1995; Pollard and Thompson, 1997; Bartlein et al., 1998; Kutzbach et al., 1998; Bush and Philander, 1999; Broccoli, 2000] . As in earlier simulations, the surface westerlies are still displaced southward in these recent simulations but only by perhaps a few degrees latitude. Nevertheless, according to the wind-forced separation theory, these glacial winds should cause the Gulf Stream to separate at a more southerly latitude compared to the modern, a prediction that is inconsistent with our reconstruction.
[29] As noted above, the theoretical relationship between the r Â t = 0 line and the mean axis of the Gulf Stream arises under highly idealized case, where a homogeneous medium in a rectangular flat-bottom basin is forced by meridionally symmetric wind stress. However, the special role of the r Â t = 0 line breaks down under a more realistic, meridionally asymmetric forcing [Rhines and Schopp, 1991] . When the large-scale pattern of wind field is tilted from southwest to northeast, the zonal component of the Sverdrup flow can cross the tilted r Â t = 0 line, while the meridional component is still prohibited by Sverdrup dynamics from crossing the line. In this case, the line of zero wind stress curl and the gyre boundary no longer coincide especially in the western boundary. For this reason, Dengg et al. [1996] conclude that the wind field is probably not the primary cause of separation, although they do not dismiss the idea entirely given the close spatial correspondence in the observed mean position of the Gulf Stream axis and the line of r Â t = 0. That the Gulf Stream separation remained unchanged during LGM despite a probable southerly shift in the maximum westerlies by a few degrees suggests that the observed spatial correspondence is more of a coincidence.
[30] What then could have pegged the Gulf Stream separation at the latitude of Cape Hatteras during the glacial time? Obvious choices have to do with the geometry of the ocean basin around Cape Hatteras, which remain unchanged over glacial-interglacial timescale. The LGM sea ice edge apparently expanded to $45°N [CLIMAP Project Members, 1981] , which is still far too north to pose as a virtual coast for the glacial Gulf Stream.
[31] One aspect of the ocean basin geometry around Cape Hatteras that is rather unique is the curvature of the continental slope. The Gulf Stream may be forced to separate from the coast due to inertial overshooting, if the curvature is simply too sharp for the current to adjust given its large volume transport and inertia [Dengg et al., 1996] . If the Gulf Stream inertia during the glacial time were larger or at least comparable to today, then this theory would predict the separation to occur at Cape Hatteras and be consistent with our reconstruction. If Gulf Stream has more than enough inertia to overshoot today, the current is also expected to overshoot even for a reduced flow, so long as the reduction is less than the ''extra'' inertia. Whether the modern Gulf Stream has an extra inertia however is not known, but there is an indication that the glacial Gulf Stream was perhaps weaker than today. A reconstruction of the Gulf Stream volume transport through the Florida Straits shows that the LGM baroclinic transport was reduced to two thirds of the modern value [Lynch-Stieglitz et al., 1999b] .
[32] Today the transport of the Gulf Stream increases due to recirculation from approximately 30 Sv (Sverdrup = 10 6 m 3 s
À1
) [Schmitz and McCartney, 1993] at the Florida Strait to somewhere between 50 $ 65 Sv [Richardson and Knauss, 1971; Richardson, 1977] and 90 Sv [Halkin and Rossby, 1985] near Cape Hatteras. If, during LGM, recirculation contributed significantly to the Gulf Stream transport in a manner similar to today, then the 10 Sv or so decrease in transport [Lynch-Stieglitz et al., 1999b] at the Florida Strait may not substantially reduce the total Gulf Stream transport and thus inertia near Cape Hatteras. If so, the separation theory of inertial overshooting may still have the Gulf Stream separate at Cape Hatteras, consistent with our results. However, the assumption that the recirculation remained largely unchanged despite a one-third reduction in transport at the Florida Straits may not be justified, given the inertial character of recirculation. If recirculation were also reduced by one third, the Gulf Stream would have been significantly weaker and may not have had sufficient energy for inertial overshooting. In this case, our reconstruction can be interpreted against the hypothesis of inertial overshooting.
[33] Another aspect of the ocean basin geometry that is possibly related to the Gulf Stream separation is bottom topography. Topographic control of the separation is supported by observations that the time-mean path of the Gulf Stream is fixed at two locations where distinct bathymetric features exist. One is New England Seamount Chain, and the other is Cape Hatteras where the continental slope is very steep: water depth changes by 2000 m in a horizontal distance of only about 20 km. Although the observations suggest a causal relationship, the dynamics of how a sudden step in topography affects the separation is not clear [Dengg et al., 1996] . Simple consideration of the conservation of potential vorticity fails because it would require that the Gulf Stream turns poleward and follow the shelf break at Cape Hatteras to compensate for the sudden increase in water depth. Whatever the actual mechanism, if bottom topography steers the Gulf Stream away from the coast today, it should do likewise during LGM. This assumes that water column stratification remained unchanged, because it is the barotropic component of the current that ''feels'' the bottom. The effect of lowered LGM sea level by approximately 120 m [Fairbanks, 1989] is to make the Gulf Stream physically closer to bottom topography, so its control on separation if any would likely be enhanced.
[34] In addition to the Gulf Stream separation by (1) winds, (2) inertial overshooting, and (3) topographic changes, Dengg et al. [1996] classify major separation theories into three other groups: (4) detachment due to dynamically forced outcropping of isopycnal surfaces; (5) vorticity crisis; and (6) joint effect of baroclinicity and relief (JEBAR).
[35] The detachment prediction by isopycnal outcropping during LGM, like inertial overshooting, largely depends on the volume transport of the Gulf Stream. In this mechanism, first presented by Parsons [1969] and later expanded by Veronis [1973] and Huang and Flierl [1987] , a northward increase of the meridional transport in the western boundary current would result by geostrophy in a corresponding northward increase of zonal gradient of the isopycnals. The increasingly steep isopycnals would eventually be forced to outcrop at the surface, which would then accomplish the current detachment from the coast. A weaker baroclinic transport of the LGM Gulf Stream at the Florida Strait [Lynch-Stieglitz et al., 1999b] implies shallower isopycnal gradients, which would make it more difficult for isopycnals to outcrop and thus allow the Gulf Stream to separate further north by this mechanism. However, the weaker baroclinic transport of Lynch-Stieglitz et al. [1999b] is a result of shallow isopycnal gradients at depth, while the isopycnal gradients near the surface are relatively steeper. It is unclear to what extent this density structure at the Florida Strait will be maintained downstream.
[36] The central idea behind vorticity crisis is that there is a potential vorticity discontinuity between the western boundary and the Sverdrup interior. According to westward intensification theory, the subtropical gyre takes up negative vorticity from the winds over the eastern part of the basin that has to be dissipated by friction at the western boundary. However, the dissipation would be insufficient for highly inertial flow to remove the excess vorticity [Pedlosky, 1979] , and the current experiences a ''vorticity crisis'' because it must dispose of this excess before being able to return to the low-vorticity interior. According to this theory, the Gulf Stream removes the vorticity excess by separating from the coast and setting up a region of intense vorticity transformation before reaching the interior. Since the separation depends on the nature of this highly nonlinear transformation, the effect of a larger vorticity input from stronger glacial winds is not at all predictable.
[37] The prediction is likewise unclear for JEBAR, which refers to the mathematical term containing potential energy of the density field and topography in the linearized vorticity equation for the vertically averaged flow [Dengg et al., 1996] . Ocean circulation models that include this term are able to introduce the Northern Recirculation Region to the north of the separated Gulf Stream and south of Newfoundland (Figure 1) , and the presence of the recirculation gyre apparently helps accurately depict the Gulf Stream separation. The recirculation actually consists in large part of the Deep Western Boundary Current (DWBC), which crosses underneath the Gulf Stream and continues southward along the continental slope. Prescribing the DWBC in some models brings simulations of Gulf Stream separation into slightly better but still limited agreement with observation [Thompson and Schmitz, 1989; Gerdes and Köberle, 1995] . Yet others have argued that the influence of JEBAR on the Gulf Stream is not from the depths of the DWBC but from the main thermocline [Myers et al., 1996] .
[38] These disagreements illustrate the complexity of JEBAR, and its effect on the Gulf Stream separation during LGM is unclear. We note however that the overturning of the Glacial North Atlantic Intermediate Water, which despite its name is approximately equivalent in depth to the modern upper North Atlantic Deep Water, may have been stronger during LGM [Yu et al., 1996] . If the presence of DWBC is somehow important for the Gulf Stream separation as JEBAR suggests, a stronger DWBC underlying the Gulf Stream during LGM might be expected to influence the latitude of separation. Our results however do not indicate any such influence.
Conclusions
[39] The Gulf Stream today separates near Cape Hatteras from the coast and travels northeast as a free jet. The latitude of the separation coincides with the water mass boundary between the warm Gulf Stream and the cold Slope water and is well captured by the Holocene d
18
O of deepdwelling planktonic foraminifera G. truncatulinoides. The glacial G. truncatulinoides d
O show that the Gulf Stream during the glacial time separated from the coast at nearly the same latitude as it does today. The reconstruction is consistent with the geometry of the ocean basin around Cape Hatteras, which remain unchanged over glacial-interglacial timescale, being the important control on the Gulf Stream separation. The likelihood of changes in glacial wind patterns predicts changes in the separation latitude, making windforced separation less plausible. The effects of changes in the Gulf Stream baroclinicity and changes in DWBC on the latitude of separation are not entirely clear, so we cannot evaluate the plausibility of other theories with any certainty.
